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Feasibility of using optical coherence
tomography to detect radiation-induced
fibrosis and residual cancer extent after
neoadjuvant chemo-radiation therapy:
an ex vivo study
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Abstract: Treatment of resectable esophageal cancer includes neoadjuvant chemo-radiation
therapy (nCRT) followed by esophagectomy in operable patients. High-risk surgery may have
been avoided in patients with a pathological complete response (pCR). We investigated the
feasibility of optical coherence tomography (OCT) to detect residual cancer and radiation-
induced fibrosis in 10 esophageal cancer patients that underwent nCRT followed by
esophagectomy. We compared our OCT findings with histopathology. Overall, OCT was able
to differentiate between healthy tissue, fibrotic tissue, and residual cancer with a sensitivity
and specificity of 79% and 67%, respectively. Hence, OCT has the potential to add to the
assessment of a pCR.
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1. Introduction

Surgical esophageal resection or esophagectomy is the treatment of choice for patients with
resectable esophageal cancer (>T2) after neoadjuvant chemo-radiation therapy (nCRT) [1,2].
Addition of nCRT to surgery showed survival benefit for operable patients [3-7].
Esophagectomy is a complicated procedure with substantial morbidity and mortality [8—12].
The 30-day postoperative mortality rate that exceeds 2% [3,13—-16]. Further, esophagectomy
negatively affects long term quality of life [17-20].

In patients with a complete response to nCRT an organ sparing approach could be
followed, possibly resulting in a better quality of life [17]. Therefore, it is crucial to
differentiate patients with pathological complete response (pCR) from pathological non-
complete responders after nCRT [8,21]. The standard clinical evaluation of the nCRT effect is
endoscopy with random mucosal biopsy, but standard biopsies are not accurate enough to
detect a true pCR [17]. Using ['*F] fluorodeoxyglucose positron emission tomography (FDG-
PET) in combination with computed tomography (CT) — for anatomical reference — has
been proven to detect metastasis and assess local treatment response [8,22-24]. However,
numerous false-positive and false-negative results have been reported for FDG-PET partly
due to its low resolution [25]. If we could more precisely identify patients with a pCR to
nCRT beyond FDG-PET knowledge, we may prevent unnecessary surgery. Histopathology
analysis of resected specimens after nCRT shows radiation-induced fibrosis and residual
cancer with other injuries such as inflammation and resorptive changes with infiltrates of
foamy histiocytes (Fig. 1) [26]. Tumor regression grading (TRG) systems exist to report the
amount of regressive changes based on the relation between the amount of radiation-induced
fibrosis in contrast with residual tumor/cancer [26,27]. During radiation therapy (RT)
planning on CT, a margin is added around the gross tumor volume (GTV) to include
subclinical disease spread to create the clinical target volume (CTV) [28]. A further margin is
added to the CTV to account for treatment uncertainties — obtaining the planning target
volume (PTV) [1,28]. Radiation-induced fibrosis is expected to be present in the whole PTV
while residual cancer is expected to correspond mostly with the GTV area.

Optical coherence tomography (OCT) is a minimally invasive cross-sectional imaging
technique to acquire high resolution (10 pm) 3D images based on the backscattering of light.
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The depth of penetration is limited to 2—3 mm [29,30]. OCT imaging systems equipped with
inflatable cylindrical catheters using single rotating fibers facilitate in vivo endoscopic OCT
imaging of the esophagus [31-38]. Studies demonstrated the capability of OCT to identify
esophageal wall layers from epithelium to muscular propria and glandular structure on a
microscopic level [39-43]. Hence, we hypothesize that OCT can potentially differentiate
between residual cancer, radiation-induced fibrosis, and normal esophageal tissue.

In this study, we investigated the feasibility of using OCT to detect radiation-induced
fibrosis and esophageal residual cancer in 10 patients treated with nCRT, using ex-vivo
imaging of fresh specimens after esophagectomy. We matched our findings with
histopathology as the gold standard. Identical with histopathology, our pCR criterium is to not
observe any residual cancer in OCT images. In vivo OCT will show increased resolution due
to lack of shrinkage. Therefore, we compared the length of the PTV with the length of the
post nCRT radiation-induced fibrosis region in histopathology and the length of the GTV
with the length of the residual cancer in histopathology. Comparing GTV and histopathology
provides additional information regarding uncertainties in the GTV definition, which OCT
may enhance.
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Fig. 1. A) The schematic demonstrates a gross tumor inside an intact esophagus prior to nCRT
treatment. B) The schematic shows residual cancer and radiation-induced fibrosis as results of
nCRT treatment in a cut open esophageal specimen after esophagectomy. C) The figure shows
a resected esophageal specimen from patient 7 pinned to a styrene foam board. The white
arrow points to the location of the primary tumor area.

2. Methods

From 10 patients with potentially curative esophageal cancer with suspected residual disease,
resected specimens were collected, scanned with OCT on a dedicated scanning apparatus, and
the histopathology analyzed. We compared OCT and histopathology results guided by
histopathology as the gold standard.

2.1 Patient selection

We acquired ex vivo OCT images from esophageal excision specimens of 10 operable nCRT
treated patients (mean age 63.2 years [SD = 8.8], 7 male, 3 female) who consecutively
underwent esophagectomy from October 2016 to December 2016 (Table 1, Fig. 1). We solely
included patients with positive FDG-PET imaging for residual cancer prior to surgery, based
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on the radiology report. The FDG-PET/CT imaging was performed about two weeks prior to
surgery.

2.2 General specimen preparation

Freshly resected esophageal specimens were cut open longitudinally and pinned to styrene
foam boards (for optimal fixation), according to the standard tissue fixation protocol (Fig. 1).
The histopathology method of pinning the specimen to a styrene foam board kept shrinkage at
a minimal level. For the first 5 patients, OCT was made of the fresh specimen prior to the
pinning step, for the remainder of the patients the OCT imaging was acquired after the
pinning step. Next, the esophageal specimens were laterally inked using two colors for
orientation reference. We localized the primary tumor region through palpation, visually, and

by taking into account the pre-operative reports regarding the primary position of the gross
tumor.

2.3 Specimen preparation for OCT

Fiducial markers were used to co-localize the OCT and histopathology findings. In addition,
the markers were used to estimate shrinkage of the esophageal specimen after formalin
fixation. We solely considered longitudinal shrinkage, since the longitudinal tumor extent has
the greatest uncertainty.
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: = T = s AR 15 g WO o
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Esophagus,

54 3 2 1
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Suturing thread fiducial marker

Indian ink and suturing thread Fiducial Markers

Fig. 2. A) This schematic diagram and image show the needle fiducial markers inserted prior
to OCT imaging (patient 7). The third fiducial marker was larger in diameter for better
identification on OCT. B) The schematic diagram and image demonstrate the Indian ink and
suturing thread markings made after OCT imaging and prior to tissue fixation.

We applied three materials as fiducial markers: 1. hollow injection needles (normal spinal
needle, BD Medical Systems); 2. Indian ink (Royal Talent, Apeldoorn, the Netherlands); 3.
suturing threads (normal surgical needle with thread), 0.5 mm diameter. We inserted four
18.0-gauge needles and one 22.0-gauge needle into the esophageal specimen, which were
well visible on the OCT. Because of safety concerns during tissue preparation, we replaced
the needles with ink markings prior to the fixation and cutting of the specimen. For this
purpose, the tissue was perforated with small drops of ink alongside the needle trajectory
using a 22.0-gauge needle. Because formalin fixation could diminish the color, we also used
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suturing threads to label the beginning of each inked marked trajectory to guide the
pathologists (Fig. 2).

Two fiducial markers were placed at the proximal esophageal OCT region of interest
(ROI). Two fiducial markers were placed at the proximal and distal borders of the residual
cancer burden area — and one in the distal part of the specimen — close to the stomach level.
The reference marker was the one at the distal border of the primary tumor region. We
measured the distance between the markers several times to estimate tissue shrinkage and as
validation of the distances found in OCT imaging. After marker placement, we acquired
photos from (the pinned) specimen using a digital camera to determine the ROI for the OCT
imaging.

2.4 OCT imaging

We used a commercial Santec Inner Vision 2000 swept-source OCT imaging system (Santec
Corporation, Komaki, Aichi, Japan). The OCT imaging system produces images with axial
resolution of 18.0 um and lateral resolution of 25.0 pm using light at a central wavelength of
1310.0 nm and sweep rate of 50.0 kHz. The OCT system comes with a hand-held probe that
scans volumes of 20.0 X 20.0 X 8.8 mm’ in 3D, taking about 20.0 seconds per scan.
Dispersion compensation was performed to compensate for the dispersive elements — 6.0
mm thick glass in the imaging path — using the reflection of the glass surface. In order to
scan the whole area of interest of a human esophagus, multiple scans must be combined. A
dedicated scanning apparatus was used that consists of a moving stage that precisely relocates
the hand-held probe in sagittal, coronal, and axial planes, maintaining a uniform angle and
level (Fig. 3). The specimen is spread out, innermost mucosa layer touching a 180.0 x 360.0
mm’ gridded glass plate (6.0 mm thick), held in place by a water-filled balloon placed on
either the specimen or the styrene foam board. Tape was attached to the heads and tails of the
fiducial markers. This would prevent the needle fiducial markers from moving, which may
result in changes in distance measurements. The handheld OCT probe scans the esophageal
specimen from underneath the glass plate (Fig. 3). We tilted the hand-held OCT probe to
avoid artifacts due to reflection from the glass. Accurate movement and relocation of the
probe allows a consistent overlap between the acquired scans, which is crucial for merging
the data into a single esophageal scan. A scan overlap of 2 mm was created by translating the
stage 18.0 mm between acquisitions (Fig. 4).

Gridded glass plate

=

ultimodal moving stﬁe/
1

Ruler on one side

Knobs for precise movements in
sagittal, coronal, and axial planes

Fig. 3. Our dedicated scanning setup with moving stage to precisely position the hand-held
probe in sagittal, coronal, and axial planes.
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Fig. 4. A) The schematic shows a stack of six times four 20.0 X 20.0 x 8.8 mm® OCT images
with 2.0 mm overlaps between neighboring scans. Note that the usable depth of OCT imaging
is limited to 2-3 mm. B) The schematic illustrates the resulting combined OCT image made
from the 24 small images.

In house software (a script in Worldmatch [44]) was used to stitch multiple OCT scans
into a single 3D image. Here the probe tilt angle was corrected. Figure 5 shows an example of
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the resulting single 3D image.
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Fig. 5. A) The combined OCT image covers the whole ROI in sagittal view. B) En face view
of figure A. Although there are some artifacts at the interface between the OCT images in
sagittal view, the resulting image quality is good. Fiducial markers are indicated by arrows.

2.4.1 OCT imaging protocol

We adjusted the marker laser beam of the hand-held OCT probe — using the multimodal
moving stage — with respect to the esophageal specimen, guided by the location of the grid
lines on top of the glass plate. We validated our distance measurements when the specimen
was placed in the correct imaging position by re-measuring the distances between the needle
fiducial markers. The water-filled balloon was placed on top of either the specimen (for the
specimens that were not pinned on a styrene foam board) or the styrene foam board to
diminish the air gaps between the tissues and the gridded glass surface (Fig. 3). We acquired
the OCT images by starting at the proximal part of the specimen and moving the stage
laterally and then axially, respectively — considering the prescribed 2.0 mm overlap between
the scans.

2.5 OCT image processing

We visually inspected the 3D OCT images to identify the borders between the healthy tissue
and radiation-induced fibrotic tissue as well as the borders between healthy and/or radiation-
induced fibrotic tissue and residual cancer based on the presence or distortion of esophageal
layers. Since patients in this study underwent nCRT treatment prior to esophagectomy, we
had no untreated tumor visible in the specimen. Therefore, we can only detect residual cancer.
We used an in-house developed module for the open source Imagel software to plot the
attenuation of the light at several locations to check if we are able to differentiate esophageal
wall layers. The first 3.0 mm of a healthy human esophagus wall consists of epithelium,
lamina propria, muscularis mucosa, submucosa, and muscularis propria layer.

2.6 Specimen preparation for histology

The esophageal surgical resection specimen was processed according to routine protocol. It
was opened longitudinally and pinned down for optimal fixation in buffered formalin
overnight. The complete circumference of the esophagus in the tumor area would be
embedded for histological evaluation. The cutting levels were guided by the position of the
reference fiducial marker and the ROI for OCT imaging as recorded in the digital photos. A
pathologist would cut the specimen into 10 to 14 stripes, parallel to the long axis of the
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esophagus — covering the ROl — and (one or more) 4.0 um histology slides were sectioned
from each stripe and stained using haematoxylin and eosin (H&E) according to the standard
protocol.

2.7 Histological imaging

For the histopathology analysis, we used a Zeiss Axioskop2 Plus microscope (Carl Zeiss
Microscopy, Oberkochen, Germany). Digital microscopic photos of slides were taken with a
Zeiss AxioCam HRc digital camera and processed with AxioVision 4 software (both Carl
Zeiss Vision, Munich, Germany). Measurements on the microscopic slides were transcribed
on macroscopic photos with a ruler placed next to the fresh esophageal excision specimen,
enabling OCT to histopathology correlation.

2.8 OCT-histopathology co-localization

Tissue landmarks, such as ridges in the esophageal wall, were used for lateral co-localization.
Both histopathology and OCT findings in proximal and distal esophagus were reported based
on their longitudinal distances to the reference fiducial marker. Since the OCT analysis was
based on fresh specimens while histopathology was done after formalin fixation procedure,
we measured and corrected for tissue shrinkage.

We measured the distance between adjacent fiducial markers several times at various
stages in the procedure as well as the distance between the most proximal and distal fiducial
markers. We first measured these distances (Fig. 2) after inserting the needle fiducial markers
and repeated our measurements when the tissue was placed on the OCT scanning apparatus.
After ink marking, we re-measured the distances to make note of possible deviations
compared to the recorded distances based on the needles. We measured the distances for the
last time post formalin fixation procedure to estimate the total shrinkage/expansion factor. We
decided to solely consider the distance between the most proximal and the most distal fiducial
markers for shrinkage/expansion calculation.

We defined shrinkage rate S; as the distance ratio between needle fiducial markers and ink
markings as follows:

D.
Sl — inked . (1)

needle

where D

needle

is the distance between needle fiducial markers (in our case: between the first
and the last needle fiducial markers) and D,, , is the distance between corresponding ink

fiducial markers before fixation. Similarly, we calculated the shrinkage rate between the fresh
tissue and the formalin-fixated tissue (S,) as follows:

Dixae
S2=l; ted . (2)

inked

where D, ., is the distance between ink fiducial markers after fixation (in our case: between

the first and the last fiducial markers). Although we expect §, always to be <1 (shrinkage), in
practice, values >1 were found for the first 5 patients because they were imaged prior to the
pinning step which stretched the tissue. We considered fresh specimens as our reference;
therefore, we reported histopathology findings on the OCT scale. We transformed measured
distances of histopathology analysis to the fresh esophageal specimen as follows:

=Myr - S, . S,. 3)

pathology
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where M

~ is a shrinkage or expansion corrected measurement in histopathology and
pathology

M., 1s a measured distance in OCT images. Because of missing data we could not estimate

the shrinkage for the first three patients. We therefore used the average shrinkage of patients
four and five instead (acquired with the same protocol).

2.9. PTV and GTV correlation with radiation-induced fibrosis and residual cancer
regions

We investigated the correlation between the PTV and the GTV from planning CT images
with the regions of radiation-induced fibrosis and residual cancer in histopathology analysis.
We measured the length of PTV and GTV in CT images using Oncentra treatment planning
software (Elekta, Stockholm, Sweden), approximating the curved esophagus with several
straight lines (Fig. 6). Because of unknown shrinkage between the in vivo situation and the
fresh specimen, lengths were measured relative, i.e., as a percentage of the esophageal length
— starting 21 cm below the teeth level (a standard used depth of the intrathoracic
anastomosis) to the stomach. We determined similar length ratio of the detected radiation-
induced fibrosis regions and the residual cancer regions based on the histopathology reports
and resected specimen photos (Table 2 and 3). We measured PTV and radiation-induced
fibrosis lengths in patients that showed fibrosis in both histopathology and OCT analysis
(Table 1). Similarly, we measured GTV and residual cancer lengths in patients that showed
residual cancer in both histopathology and OCT analysis. To assess overall shrinkage after
esophagectomy, we determined the overall shrinkage difference between resected esophageal
specimens and intact esophagi for patients that were included in either of the above
measurements (patients 1, 4, 5, 6, 7, 8, and 10).

Fig. 6. A) This CT image shows GTV (yellow), CTV (blue), and PTV (red) in a sagittal view.
The dashed line represents the stomach level. B) Illustration of PTV length measurement. C)
Illustration of GTV length measurement.

3. Results and discussions

The average longitudinal shrinkage for the last five patients was 6.5% or 1.5 mm with a
standard deviation of 1.1 mm (range: 0.14-2.56 mm, median 1.9 mm). Guided by
histopathology, we detected radiation-induced fibrosis in the OCT images as the distortion
and/or loss of part of the esophageal wall layering structure (Fig. 7). The absence of layers
corresponded with residual or treated cancer (Fig. 7(C)). The absence of residual cancer
indication in histopathology may indicate a pCR. Figure 8 represents corresponding OCT and
histopathology images indicating healthy, fibrotic, and residual cancer areas. The OCT and
histopathology results are summarized in Table 1. The overall sensitivity and specificity of
OCT to detect radiation-induced damage and residual cancer matched with histopathology,
were 79% and 67% respectively.
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Fig. 7. A) OCT image and plot showing esophageal wall layers of a healthy part of the
esophagus (epithelium (ep), lamina propria (ep), muscularis mucosa (mm), submucosa (sm),
and muscle layers (ml)). B) OCT image and plot illustrating radiation-induced fibrosis with
partial loss of esophageal wall layers. C) OCT image and plot illustrating residual cancer. .
Note that tails of the OCT signals (beyond 1.2-1.5 mm) in A and B were very noisy have been
set to 0 for visual representation.
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Fig. 8. A) and B) show the corresponding esophageal wall layers of a healthy part of the
esophagus (epithelium (ep), lamina propria (ep), muscularis mucosa (mm), submucosa (sm),
and muscle layers (ml)) on OCT and histopathology, respectively (patient 7). C) and D)
represent the corresponding radiation-induced fibrosis on OCT and histopathology (patient 7).
E) and F) show the corresponding residual cancer on OCT and histopathology (patient 10).

Table 1. Overview of patients, their tumor regression grading (TRG) score,
histopathology and OCT analysis to identify the border between 1) healthy tissue and
radiation-induced fibrosis, and between 2) healthy tissue and/or fibrosis and residual

cancer. “Positive” means that we identified the border in OCT or histopathology. TRG 1:
fibrosis without detectable residual tumor cells; TRG 2: fibrosis with rare residual tumor
cells; TRG 3: fibrosis and residual tumor cells with preponderance of fibrosis; TRG 4:
fibrosis and residual tumor cells with preponderance of tumor cells, TRG 5: no tumor

regression.
Patient Gender Age TRG Healthy tissue / fibrosis border Residual cancer presence
Score presence

Histopathology OCT Histopathology OCT
1 Male 70 4 Negative Positive Positive Positive
2 Female 50 3 Positive Negative Negative Positive
3 Male 57 2 Negative Negative Negative Negative
4 Female 60 1 Positive Positive Negative Negative
5 Male 63 2 Positive Positive Positive Positive
6 Male 75 3 Positive Positive Positive Positive
7 Male 67 2-3 Positive Positive Positive Positive
8 Female 70 2 Positive Positive Positive Positive
9 Male 50 4 Negative Negative Positive Negative
10 Male 70 4 Positive Negative Positive Positive

3.1 Radiation-induced fibrosis

We summarized the histopathology and OCT findings regarding the border between
radiation-induced fibrosis and healthy tissue in Table 2. For proximal and distal sections, we
reported the distance to the reference fiducial marker at three lateral levels (right, left, and
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center) used for the histopathology report (Fig. 9). The relative lateral levels of OCT and
histopathology were defined for each patient and therefore are not comparable between
patients. The sensitivity and specificity of OCT to detect radiation-induced damage were 71%

and 67%, respectively (Table 1). We calculated sensitivity and specificity based on visual
scoring.

A) B)
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[ Histopathology
|_Kelap

[ Histopathology
W OCT

Fig. 9. A) and B) show the correlation of histopathology and OCT defined borders between
radiation-induced fibrosis and healthy tissue for two patients (patient 6 and 7, respectively) in
the proximal and distal esophagus.

Figure 10 shows the difference between OCT and histopathology in finding the proximal
and distal radiation-induced fibrotic and healthy tissue border for all the corresponding
findings in OCT images and histopathology results (n = 14). The overall absolute difference
of distances from the border to the reference fiducial marker between OCT and
histopathology on average was 5.0 £ 4.6 mm (range: 0.4-17.4 mm, median 3.6 mm).
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Fig. 10. Distance between reference marker and radiation-induced fibrosis and healthy tissue
border in OCT and histopathology.
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Table 2. Overview of the histopathology and OCT analysis of the border between
radiation-induced fibrosis and healthy tissue in three lateral levels in the proximal and
distal esophagus. The numbers represent the distances between these borders and the
reference fiducial markers for each specimen at the different lateral levels used for
pathology. Patients that showed fibrosis with no healthy tissue in both histopathology and
OCT were excluded from this table. “—” indicates that we could not identify the borders.
Patients that did not show any radiation-induced fibrosis in histopathology were
excluded from this table. Only patients that showed at least one correspondent
measurements for both histopathology and OCT were presented.

Distance to reference marker (mm)

Difference
Histopathology OCT (OCT and
Histopathology)
Patient Level Proximal Distal Proximal Distal Proximal Distal
L1 16.6 0.3 34.0 - 17.4 -
4 L2 16.2 1.3 14.5 10.0 -1.7 8.7
L3 33 -0.7 - 10.0 - 10.7
L1 20.2 19.2 23.0 — 2.8 —
5 L2 18.7 17.7 24.0 — 5.3 —
L3 17.2 17.7 23.0 - 5.8 -
L1 25.1 8.7 25.9 - 0.8 —
6 L2 26.6 — 27.3 - 0.7 -
L3 36.4 — 36.8 — 0.4 —
L1 31.3 34.9 27.7 - -3.6 -
7 L2 25.5 38.9 21.9 - -3.6 —
L3 16.9 21.9 13.3 - -3.6 -
L1 31.7 31.7 - — —
8 L2 34.2 36.2 - - - -
L3 41.0 31.2 46.0 — 5.0 —

3.2 Residual cancer

It was more complicated to identify the residual cancer since the surrounding region consisted
mostly of radiation-induced fibrosis, which already had a distorted and/or incomplete
esophageal wall-layering structure. However, guided by histopathology, we found that the
esophageal wall layering is absent in residual cancer areas (Fig. 7(C)). Our OCT and
histopathology findings in terms of proximal and distal distance from the border (healthy
tissue and/or fibrosis and residual cancer) to the reference fiducial marker are provided in
Table 3. Histopathology reports were more detailed for the reported distances to the reference
fiducial marker — than those from the radiation-induced fibrosis. Hence, we could report on
more lateral levels (compared to three lateral levels reported for radiation-induced fibrosis).
We demonstrated residual cancer delineation in the OCT images and histopathology in Fig.
11. Figure 12 shows OCT and histopathology distance measurements between the reference
marker and identified borders between residual cancer and healthy or fibrotic tissues in
proximal and distal esophageal regions (n = 68).
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Fig. 11. A) and B) show the location of residual cancer in a patient’s esophagus (patient 7) in
histopathology (in yellow) and OCT (in blue), respectively. The maximum longitudinal lengths
of the residual cancer regions healthy are shown by “D”. Similarly, C) and D), E) and F), and
G) and H) demonstrate the residual cancer regions of patients 6, 8, and 10 in histopathology (in
yellow) and OCT (in blue).
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Fig. 12. A, B) Distance measurements in OCT and histopathology. The graphs demonstrate the
distance between residual cancer and healthy tissue/radiation-induced fibrosis border to the
reference fiducial marker in proximal and distal esophagus. C, D) Also show these distances
while reducing the data points using the medians between neighboring measurements to
eliminate outliers. E, F) The graphs show the maximum distance from the reference fiducial
markers to the identified borders in proximal and distal esophagus.

The sensitivity and specificity of OCT to detect residual cancer matched with
histopathology, were 86% and 67%, respectively (Table 1). However, in patient 9, the

residual cancer was located at a depth of ~10.0mm in the esophageal wall, which is outside of

the visibility range of OCT. The overall absolute difference of distances from the border to
the reference fiducial marker between OCT and histopathology on average was 7.9 = 8.1 mm

(range: 0.0-45.5 mm, median 6.0 mm).
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Table 3. Overview of the histopathology and OCT analysis of identification of residual
cancer borders in several lateral levels in proximal and distal esophagus. The numbers
represent the distances between the borders and the reference fiducial markers for each
specimen. Patients that did not show any residual cancer in either histopathology or OCT
were excluded from this table.

Distance to reference marker (mm)

Histopathology OoCT Dltgﬁ:::;; t(hooﬁ);;;nd
Patient Level Proximal Distal Proximal Distal Proximal Distal
L1 9.5 0.0 14.0 3.5 4.5 3.5
L2 12.5 6.5 21.5 13.5 9.0 7.0
L3 16.5 7.5 25.0 3.0 8.5 -4.5
1 L4 18.5 -5.5 26.0 20.0 7.5 25.5
L5 14.5 1.5 19.0 1.5 4.5 0.0
L6 20.5 0.5 28.0 5.0 7.5 4.5
L7 21.5 3.0 27.0 10.0 5.5 7.0
L1 7.7 9.2 3.5 12.0 —4.2 2.8
5
L2 9.7 10.2 3.5 12.0 -6.2 1.8
L1 22.8 7.8 20.0 0.0 -2.8 -7.8
6 L2 25.8 7.8 20.0 0.0 -5.8 -7.8
L3 25.8 8.3 20.0 0.0 -5.8 -8.3
L4 25.8 18.8 20.0 0.0 -5.8 -18.8
L1 14.9 8.9 13.0 21.0 -1.9 12.1
L2 19.4 114 13.0 21.0 -6.4 9.6
L3 18.9 12.9 13.0 21.0 -5.9 8.1
L4 17.9 -0.1 -21.0 27.0 -38.9 27.1
7 L5 23.9 17.9 13.0 27.0 -10.9 9.1
L6 18.9 17.9 13.0 27.0 -5.9 9.1
L7 19.9 10.9 24.0 19.0 4.1 8.1
L8 20.9 6.9 13.0 19.0 -7.9 12.2
L9 13.9 20.9 0.0 19.0 -13.9 -1.9
L1 20.0 -5.0 32.0 -0.5 12.0 4.5
8 L2 20.0 -5.0 32.0 —0.5 12.0 4.5
L3 17.0 -7.0 40.0 —6.0 23.0 1.0
L1 14.0 13.0 13.0 15.0 -1.0 2.0
L2 12.5 18.5 12.0 17.5 -0.5 -1.0
L3 19.0 23.5 13.0 14.5 -6.0 -9.0
L4 19.0 23.0 20.0 17.0 1.0 -6.0
10 L5 21.0 23.5 21.0 16.5 0.0 -7.0
L6 52.5 53.0 49.5 49.5 -3.0 -3.5
L7 51.5 24.0 6.0 21.5 —45.5 -2.5
L8 28.0 20.5 23.0 17.5 -5.0 -3.0
L9 19.0 18.5 21.0 9.5 2.0 -9.0

3.3 PTV and GTV correlation with radiation-induced fibrosis and residual cancer

On average, the esophageal specimens had 42% shrinkage compared with the intact
esophagus. Our relative length measurements verified the rough correspondence of length
ratios between PTV and radiation-induced fibrosis after RT (Fig. 13). The overall absolute
value of length-ratio differences between PTV and radiation-induced fibrosis was 14%. The
overall absolute value of length-ratio differences between GTV and residual cancer was 9%.
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Fig. 13. A) Length of the esophagus on CT and after esophagectomy. B) The absolute value of
the length ratios of the PTV and radiation-induced fibrosis regions. C) The graph shows the
absolute value of the length ratios of the GTV and residual cancer regions.

3.4 Discussion

In this study, we investigated the feasibility of OCT for ex vivo identification of radiation-
induced fibrosis and residual cancer (as detected on histopathology) in 10 esophageal cancer
patients treated with nCRT followed by esophagectomy. We found radiation induced effects
as distortion of the mucosal layers at OCT and residual tumor as absence of layers. We
matched our findings and guided our identification with histopathology as the gold standard.
Moreover, we determined and compared the most proximally and distally located borders
between healthy tissue, radiation-induced fibrosis, and residual cancer at various axial levels
on OCT and histopathology. Our results showed that OCT can detect radiation-induced
fibrosis and residual cancer with the sensitivity of 71% and 67% and specificity of 86% and
67%, respectively. Overall, the absolute difference between OCT and histopathology on
average was 5.0 £ 4.6 mm for the borders between healthy tissue and radiation-induced
fibrotic tissue and 7.9 + 8.1 mm for the borders between healthy/fibrotic tissue and residual
cancer. We also verified the correlation of PTV and GTV length estimates performed on the
RT planning CT scan with the length of radiation-induced fibrosis and residual cancer regions
assessed at histopathology. Our data shows that OCT has potential to help in response
assessment in order to select patient for organ preservation after n"CRT. However, our results
were ex vivo and tests using in vivo OCT and double blind evaluation are necessary.
Inflatable OCT probes and dedicated OCT imaging systems for in vivo OCT imaging of the
esophageal wall in 3D are available [28,37,45].

When identifying radiation-induced fibrosis using OCT, we could mainly locate the
proximal border. The reason was that most of the primary tumors were located distally in our
cases. The fibrotic tissue extended often very close to the level of stomach, which hampered
distal morphological differentiation between healthy regions and fibrosis on OCT. However,
histopathology could detect the distal border. Although we found a difference between the
appearance of fibrosis and residual cancer on OCT, it was easier to differentiate between
healthy tissue and radiation-induced fibrosis than between radiation-induced fibrosis and
residual cancer because of the more distinct esophageal wall layering of the healthy tissue
regions. Hence, identifying residual cancer is complicated. We defined residual cancer as the
absence of esophageal layering and compared our OCT findings with histopathology. We
concluded that nonappearance of residual cancer may suggest pCR. It is possible that in case
of a pCR the OCT images may still contain regions without esophageal wall layering since it
is unknown if the mucosal layers displaced by the tumor will all restore after nCRT. This was
however not the case in our data compared with pathology. In addition, in this study we
analyzed OCT images only at pathology locations. The results of this study are presented in
two complementary ways; as sensitivity and specificity based on visual scoring and as
distance measurements between the reference fiducial markers and radiation-induced fibrosis
and healthy tissue borders as well as between the reference fiducial markers and residual
cancer and healthy/radiation-induced fibrosis borders on OCT and histopathology. A
validation of the change of OCT signal over depth associated with the visually identified
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regions on an independent data set is considered outside of the scope of the current feasibility
study. We identified the longitudinal boundaries between radiation-induced fibrosis and
healthy tissue as well as between healthy tissue and/or fibrosis and residual cancer on the
same slide in histopathology analysis. However, the boundaries could be presented either on
the same or on adjacent longitudinal slides. The identification between healthy tissue,
radiation-induced fibrosis, and residual cancer was solely based on visual scoring in both
histopathology and OCT by experts. Our visual analysis of the OCT signal utilized the depth
profile. Histopathology was used as ground truth, i.e., in case histopathology showed no
tumor but OCT did, it was scored as a false-positive (Table 1). However, due to under-
sampling in the histopathology residual cancer regions may have been missed; Hence the
ground truth has its limitations. Further validation included comparison of distances between
the borders of tissue types (relative to the reference fiducial markers) between OCT and
histopathology. In future work, automated OCT analysis may help to detect pCR with a high
resolution, as we would not be limited to a few pathology slides. However, the limitation of
usable OCT imaging depth of up 2.0 to 3.0 mm hampers its ultimate sensitivity.

Our fiducial markers were visible on OCT, thus, our proposed method to calculate the
longitudinal shrinkage was effective. The overall reduction in length of the esophagus in situ
to the fixed specimen is expected to be 50%, while the tumor changes little in length [46].
Our measurements agree with this. The histopathology method of pinning the specimen to a
styrene foam board kept shrinkage after surgery at a minimal level. Reference fiducial
markers obscured small part of the OCT images, which may hamper the precise boundary
identification (Fig. 5).

The challenge of RT is to accurately deliver the radiation dose to the tumor and tumor-
involved lymph nodes while sparing the surrounding healthy tissues. Tumor extent
delineation is a crucial step in the RT planning process. Endoscopy or endoscopic ultrasound
(EUS) is used to assess the macroscopic tumor extension, which help tumor delineation on
CT. EUS is hampered by under- and over-staging due to the microscopic tumor extensions
smaller than the EUS resolution and because of the inability to differentiate between
inflammatory changes and tumor infiltration [47-50]. Therefore, safety margins of ~3 cm are
typically used in the craniocaudal tumor directions around the GTV. The OCT has higher
resolution than the EUS. Future research, including in vivo OCT imaging, may demonstrate
the feasibility of OCT to accurately determine tumor extent and inflammatory changes for RT
planning and thereby allow for more accurately defined radiation fields with smaller safety
margins. Moreover, more patients could be considered, validation in an independent cohort
should be performed, and inter-observer agreement of OCT and histopathology findings
should be determined. While registering information from both EUS and OCT to the planning
CT is challenging, fiducial markers may facilitate the OCT and planning CT registration [28].
To prove the potential of OCT in tumor boundary identification, it would be better if we
could scan these patients in vivo prior to nCRT, where the gross tumor is present. However,
ex vivo OCT imaging of gross tumor operable patients who did not undergo nCRT may better
show the feasibility to detect tumor extent for RT planning. Figure 13 shows that the length of
the GTV is smaller than the length of the residual cancer region at histopathology in patients
one, five, seven, and 10. This suggests the necessity of adding a safety margin around the
GTV to include subclinical disease spread to create the CTV. More clinical in vivo OCT
imaging trials are necessary using commercially available OCT devices dedicated to
esophageal imaging, which are capable of visualizing esophageal layers from epithelium to
the muscle layers [28]. Furthermore, multiple OCT scans at various treatment stages are
useful to monitor the tumor reaction to nCRT. Quantitative analysis of the OCT images, i.e.,
using the attenuation coefficient of the OCT signal over depth could be the next step to
validate our results.
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4. Conclusions

In conclusion, we studied the feasibility of OCT to detect the proximal and distal borders of
radiation-induced fibrosis and residual cancer ex vivo in esophageal specimens from 10
patients who underwent nCRT followed by esophagectomy. Overall sensitivity and
specificity of OCT to differentiate between healthy tissue, fibrotic tissue, and residual cancer
were 79% and 67%, respectively. Our findings indicated that OCT is capable of detecting
radiation-induced fibrosis and residual cancer in the human esophagus.
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